Abstract. Constitutive activation of the phosphoinositide 3-kinase (PI3K)/AKT signaling pathway is evident in a diverse array of human cancer types, and targeting the pathway is an attractive therapeutic approach. However, pre-clinical and clinical studies have demonstrated that the antitumor efficacy of a number of inhibitors of the PI3K/AKT pathway is poor, and the underlying mechanisms are not completely clear. In the present study, activation of MET proto-oncogene (MET)/signal transducer and activator of transcription 3 (STAT3) signaling was demonstrated during PI3K/AKT inhibition. Western blotting showed that the pharmacological or genetic inhibition of PI3K/AKT signaling triggered compensatory activation of STAT3 and upregulation of the expression of its downstream genes. The results from RTK array analysis and western blotting demonstrated that the hyperactivated STAT3 signaling was demonstrated to be mediated by the activation of MET. In addition, PI3K/AKT inhibition suppressed tumor growth more effectively when combined with inhibitors targeting MET/STAT3 signaling by detecting apoptosis and colony formation. These results were further confirmed in a nude mouse model. Thus, our results highlight a compensatory survival mechanism via the MET/STAT3 signaling pathway after PI3K/AKT signaling inhibition in non-small cell lung cancer.
Introduction
As the majority of elderly patients with lung cancer have a poor prognosis after treatment with either routine or large-dose chemotherapy (1) , it is important to elucidate novel targeted therapies and immunotherapies to improve quality of life and prolong survival (2) . Previous studies have investigated the signaling pathways that drive lung cancer progression and a number of targeted therapeutic strategies have been proposed (3, 4) . However, long-term effectiveness of lung cancer treatment is rare and recurrence is promoted by various mechanisms, including compensatory activation of cell survival signaling pathways (5, 6) .
The phosphoinositide 3-kinase (PI3K) signaling pathway serves an important role in the regulation of cell proliferation, growth, survival and metabolism (7) . Aberrant activation of the PI3K/AKT pathway has been observed in several types of cancer, including non-small cell lung cancer (NSCLC) (8, 9) . Hyperactivation of the PI3K/AKT pathway may be involved in the resistance to chemotherapeutic and targeted reagents in different cancer types through anti-apoptotic functions (10) , making it a therapeutic target of cancer (11) . Several small molecule inhibitors of the PI3K/AKT signaling pathway have undergone clinical trials in humans (12, 13) . Despite the great potential of such targeted therapies in lung cancer, a subset of patients exhibiting hyperactivation of PI3K/AKT signaling do not respond to these inhibitor drugs (13, 14) .
In the present study, it was demonstrated that inhibitors of the PI3K/AKT pathway activated the signal transducer and activator of transcription 3 (STAT3) signaling pathway. Previous studies have demonstrated that persistent activation of the STAT3 signaling pathway is associated with various types of solid cancer (15, 16) . While STAT3 hyperactivation has been demonstrated to mediate drug resistance (17) , inhibition of the STAT3 signaling pathway has been demonstrated to reverse drug resistance (18) . The aim of the present study was to identify the molecular determinants driving the compensatory activation of STAT3 after treatment with PI3K/AKT inhibitors, which may limit the clinical efficacy of these compounds. The results suggest novel cross-talk between the PI3K/AKT and STAT3 signaling pathways, modulated by the MET proto-oncogene (MET). Targeting MET/STAT3 signaling potentiates the antitumor activity of PI3K/AKT inhibitors, and may be an effective therapeutic strategy for NSCLC.
Materials and methods
Cell lines, reagents and transfection. The NSCLC cell lines, H460 and H2126, were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The 2 cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin (all from HyClone; GE Healthcare, Chicago, IL, USA) at 37˚C with 5% CO 2 . BKM120 (a selective PI3K inhibitor; S2247), LY294002 (a pan-PI3K inhibitor; S1105), MK-2206 (an AKT allosteric inhibitor; S1078), BEZ235 [a dual PI3K/mechanistic target of rapamycin (mTOR) catalytic inhibitor; S1009], PF-2341066 (a MET inhibitor; S1068) and stattic (a STAT3 inhibitor; S7024) were obtained from Selleck Chemicals (Houston, TX, USA), and dissolved in DMSO. Specific small interfering RNAs (siRNAs) for p110α (si-p110α; 100 nM; cat. no. 6359S), AKT (si-AKT; 100 nM; cat. no. 6211S) and MET (si-MET; 100 nM; cat. no. 6618S) were obtained from STAT3 DNA-binding activity assay. H460 and H2126 cells were treated with 1 µM BKM120 for 12 h, and the Pierce LightShift Chemiluminescent EMSA kit (Thermo Fisher Scientific, Inc.) was used to confirm that BKM120 increased STAT3 DNA-binding activity, as described previously (19) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from H460 and H2126 cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) after 12 h of treatment with 0.1% dimethyl sulfoxide (DMSO), or 0.1 or 1 µM BKM120. The Maxima First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.) was used to obtain cDNA, which was used in reaction with GoTaq qPCR Master Mix with SYBR-Green (Promega Corporation, Madison, WI, USA) and primers specific for matrix metallopeptidase 9 (MMP9), B-cell lymphoma 2 (bcl-2), survivin, cyclin-D1, hepatocyte growth factor (HGF) and C-reactive protein (CRP). PCR included a 12 min denaturation step at 94˚C, followed by 38 cycles of 94˚C for 10 sec, 60˚C for 20 sec and 71˚C for 10 sec. GAPDH was used as endogenous control. Primers for these genes were sourced from PrimerBank ( 
Receptor tyrosine kinase (RTK) array analysis.
After 24 h of cell starvation in serum-free medium, the H460 cells were incubated for 12 h at 37˚C in the absence (DMSO) or presence of BKM120 (1 µM). The mixture of proteins was prepared, and the phosphorylation status of each protein was examined by RTK array analysis. Array 001 (R&D Systems, Inc., Minneapolis, MN, USA) was used to detect tyrosine-phosphorylated RTKs, according to the manufacturer's instructions. Clonogenic assay. A total of 300 cells were seeded in 6-well plates overnight and treated with DMSO (NC), BKM120 (1 µM), PF-2341066 (1 µM) or stattic (5 µM) and cultured for a further 14 days. The cell clones were fixed and stained with 0.05% crystal violet at room temperature for 15 min, and the number of clones was counted under an optical microscope.
In vivo studies. 5-week-old female BALB/c mice (Weitonglihua Biotechnology, Beijing, China) weighing 17-20 g were maintained in the pathogen-free animal facility under controlled conditions (12:12 h light and dark cycle, 50% humidity and 22˚C). These animals were provided rodent chow and water. A total of 2x10 6 H460 cells were inoculated subcutaneously into the flank of the mice. The mice were randomly divided into 6 groups (n=10) when tumors reached a size of ~100 mm Statistical analysis. Data are presented as the mean ± standard error (SE). Multiple group comparisons of the means were performed by one-way analysis of variance and post-hoc Student-Newman-Keuls test. * P<0.05 was considered to indicate a statistically significant difference.
Results

Inhibition of PI3K/AKT signaling causes STAT3 activation.
H460 and H2126 cells were treated with the selective PI3K inhibitor, BKM120. BKM120 markedly inhibited p-AKT at Ser473 and Thr308, and a dose-dependent increase in p-STAT3 was observed, whereas the phosphorylation of ERK1/2 remained unchanged (Fig. 1A) . BKM120 also demonstrated mTORC1 inhibitory activity, which is evident from the reduction of p-S6 with the increasing concentration of BKM120.
A number of different PI3K/AKT inhibitors were used to confirm the activation of STAT3 by pharmacological inhibition of the PI3K/AKT pathway. Fig. 1B demonstrates the elevated expression of p-STAT3 with the treatment with all reagents, including LY294002 (pan-PI3K inhibitor), MK-2206 (AKT inhibitor) and BEZ235 (a dual p110/mTOR inhibitor). To eliminate the possibility that these results were due to off-target pharmacological effects of the inhibitors, PI3K/AKT signaling was silenced via p110α or AKT using 2 different target-specific siRNAs. Silencing of p110α or AKT resulted in markedly enhanced activation of STAT3, and decreased AKT activity in the si-AKT group (Fig. 1C) .
The STAT3 DNA-binding activity increased in H460 and H2126 cells with the concentration of BKM120 treatment (Fig. 1D) . STAT3-dependent transcriptional activity was examined by detecting the expression of STAT3 downstream target genes, including MMP9, bcl-2, survivin, cyclin-D1, HGF, CRP and bcl-2 family apoptosis regulator (Mcl-1) (21) . As demonstrated in Fig. 1E , treatment with BKM120 increased the expression of all genes, except Mcl-1. Taken together, these results suggest that the pharmacological or genetic inhibition of PI3K/AKT signaling triggered compensatory activation of STAT3 and altered its downstream signaling events.
PI3K/AKT signaling inhibition induces MET expression and activation.
The regulatory mechanism behind the compensatory activation of STAT3 induced by PI3K/AKT inhibition was further investigated. Since multiple RTKs were involved in the activation of STAT3 signaling, the phosphorylation level of RTKs was detected in BKM120-treated H460 cells using an RTK array. Elevated p-MET was observed in H460 cells with BKM120 treatment (Fig. 2A) .
In consensus with these results, western blot analysis demonstrated that BKM120 treatment upregulated the expression levels of p-MET and total MET protein (Fig. 2B) , which was further corroborated by IF (Fig. 2C) . In order to elucidate the function of MET in regulating the activation of STAT3 signaling following PI3K/AKT inhibition, MET expression was silenced by transfection with specific siRNA (si-MET). The results demonstrate that the depletion of MET resulted in inhibition of p-STAT3, as well as a modest suppression of p-AKT (Fig. 2D) . Taken together, these results suggest that PI3K/AKT inhibition may activate STAT3 signaling via upregulating the expression and activation of MET.
MET/STAT3 inhibition promotes the pro-apoptotic and anti-proliferative effects of PI3K/AKT inhibitors.
To investigate the compensatory activation of the MET/STAT3 pathway as a resistance mechanism to PI3K/AKT targeted therapy, the antitumor efficacy of PI3K/AKT inhibitors was evaluated when MET/STAT3 signaling was inhibited. As demonstrated in Fig. 3A , MET inhibition markedly abrogated STAT3 phosphorylation and AKT activity, and STAT3 inhibition completely abrogated BKM120-induced activation of STAT3. Antitumor efficacy was observed of BKM120 alone, and its potency increased in combination with PF-2341066 or stattic. This was indicated by increased apoptosis of tumor cells treated with the inhibitor combination compared with those treated with each inhibitor singly (Fig. 3B) . A significant decrease in colony number was also observed when cells were treated with BKM120 in combination with PF-2341066 or stattic compared with cells treated with a single inhibitor (Fig. 3C) .
Targeting the MET/STAT3 signaling pathway potentiates the antitumor efficacy of PI3K/AKT signaling inhibitors in vivo.
To further verify the antitumor efficacy of the combination therapy in vivo, a subcutaneous xenotransplanted tumor model of H460 cells was established in mice. As demonstrated in Fig. 4A , combination treatment with BKM120 and PF-2341066 inhibited tumor cell growth effectively compared with treatment with each agent singly. The activity of MET, STAT3 and AKT in tumor tissues was further investigated by western blotting. In consensus with the in vitro experimental results, the protein expression levels of p-MET, p-STAT3 and p-AKT were all reduced with combination therapy compared with BKM120 or PF-2341066 treatment alone, which only inhibited AKT or MET/STAT3 phosphorylation respectively (Fig. 4B) . Similar effects were achieved when BKM120 was applied in combination with stattic (Fig. 4C) . The combined effect of the reagents was more effective than each single agent in repressing tumor growth and the expression of proteins of the STAT3 signaling pathway (Fig. 4D) . Fig. 4E illustrates a schematic presentation of the potential molecular mechanism behind these effects.
Discussion
PI3K/AKT signaling is a core regulatory mechanism in cancer cells. Hyperactivation of the signaling pathway is evident in NSCLC, and is therefore a therapeutic target for the disease (22, 23) . Small molecule inhibitors of this pathway are a focus in current research, and demonstrate potential applications in targeted therapy (24) . However, the compensatory activation of other pathways is a major limitation in the feasibility and effectiveness of these small-molecule inhibitors. It has been reported that inhibition of the PI3K signaling pathway leads to enhanced ERK signaling in human epidermal growth factor receptor 2 (HER2)-positive breast cancer (25) . The WNT/β-catenin pathway, neurogenic locus notch homolog protein 1 and eukaryotic translation initiation factor 4E have been demonstrated to mediate PI3K inhibitor resistance (26) (27) (28) . In the present study, enhanced activation of MET/STAT3 signaling following PI3K/AKT inhibition was demonstrated in NSCLC.
Persistent STAT3 signaling has been demonstrated to promote cancer progression through assisting proliferation, metastasis, angiogenesis and resistance to various drugs (17, 18) . In the present study, multiple PI3K/AKT inhibitors induced the activation of the STAT3 signaling pathway, including BKM120 (an inhibitor of PI3K), LY294002 (a pan-PI3K inhibitor), MK2206 (an AKT allosteric inhibitor) and BEZ235 (a dual PI3K/mTOR catalytic inhibitor) (Fig. 1A and B) . Knocked down expression of PI3K subunit p110α and AKT by siRNA increased the protein expression level of p-STAT3 (Fig. 1C) . Acquired ERK dependency has been repor ted in HER2-overexpressing breast cancer following PI3K inhibition (25) . However, no difference in the phosphorylation of pathways. Inhibition of PI3K/AKT caused activation of the MET/STAT3 signaling pathway, leading to cell survival. Dual inhibition of the two pathways by combination targeted therapy enhanced the antitumor efficacy in non-small cell lung cancer. MET, MET proto-oncogene; STAT3, signal transducer and activator of transcription 3; p-, phosphorylated; PI3K, phosphoinositide 3-kinase; DMSO, dimethyl sulfoxide; NC, negative control (DMSO); B, BKM120; P, PF-2341066; S, static; PIP3, phosphatidylinositol (3,4,5)-trisphosphate; PDK1, pyruvate dehydrogenase kinase isozyme 1; mTORC1, mammalian target of rapamycin complex-1; S6K, ribosomal protein S6 kinase; 4EBP1, eukaryotic translation initiation factor 4E-binding protein 1.
ERK1/2 was observed after PI3K/AKT inhibition in the present study. PI3K/AKT inhibition did result in the overexpression of several STAT3 target genes, including MMP9, bcl-2, survivin, cyclin-D1, HGF and CRP (Fig. 1E) . Collectively, these results suggest novel cross-talk between the PI3K/AKT and STAT3 pathways, and the compensatory activation of STAT3 may limit the clinical application of PI3K/AKT inhibitors in cancer treatment.
Activation of RTKs is a key event in signal transduction and regulates multiple pathways, including PI3K/AKT and STAT3 signaling (29) . An RTK array was used to study the effects of BKM120 administration on the activation status of RTKs, and indicated a high level of tyrosine phosphorylation of MET subsequent to PI3K/AKT signaling inhibition ( Fig. 2A) . These results were further confirmed by western blotting and IF (Fig. 2B and C) . Genetic or pharmacological inhibition of MET disrupted PI3K inhibition-induced STAT3 activation (Fig. 2D) , indicating that STAT3 signaling was regulated by MET. MET encodes an RTK and has been indicated to function as an oncogene (30) . Amplification of MET has been demonstrated to contribute to tumorigenesis in multiple types of human cancer (31, 32) . Numerous studies have demonstrated that MET-mediated STAT3 signaling is involved in tumor cell growth and survival, as well as in tumor metastasis (33, 34) . A recent study demonstrated that MET-STAT3 signaling was a potential mechanism of resistance to MEK1/2 inhibitors in colorectal cancer originating from KRAS mutations (35) .
Since compensatory activation of the MET/STAT3 signaling pathway may be involve in the failure of PI3K/AKT inhibitor treatment in clinical trials, alternative therapeutic strategies against NSCLC were also explored in the present study. MET and STAT3 inhibitors not only inhibited STAT3 phosphorylation but also increased the pro-apoptotic and anti-proliferative effects of PI3K inhibitors in vitro (Fig. 3) . These results were also obtainable in lung cancer-bearing nude mice (Fig. 4) . This suggests the administration of PI3K inhibitors in combination with either MET or STAT3 inhibitors as a potential therapeutic strategy to replace monotherapy (Fig. 4E) .
In conclusion, the present study highlights the role of MET/STAT3 signaling as a compensatory response to PI3K/AKT blockade, suggesting dual inhibition of PI3K/AKT and MET/STAT3 pathways as an effective NSCLC therapy. Further studies will be required to validate these results in clinical tumor samples. It may be a useful to consider the MET/STAT3 activation state in targeted therapy against NSCLC.
